diverse mechanical impacts, whereas the tough AF forms a circular ring structure to support the NP. 5 Due to the lack of vascularization in the IVD, the main way of transportation of nutrients, oxygen, metabolic products and water for the inner disc cells is their diffusion from capillaries through the cartilage endplates to the cells of the disc. 6 NP is critically important for maintaining the physiological function of discs. Nucleus pulposus (NP) cells are the main type of cells resident in the NP. They produce extracellular matrix (ECM), such as collagen I, collagen II and proteoglycan, which are the main components of gelatinous tissues of the NP. 7 Excessive apoptosis of NP cells can trigger IDD, and has been proposed as a therapeutic target for IDD. 8 Reactive oxygen species (ROS) are a potent proapoptotic factor for human NP cells, and are considered essential mediators of the occurrence and progression of IDD. 9, 10 ROS mediates the proapoptotic effects of various external stimuli on disc cells, including mechanical loading, nutrition deprivation and pro-inflammatory cytokines. 11, 12 These stimuli can cause ROS overproduction and decrease mitochondrial membrane potential (Δψm), which results in mitochondrion dysfunction in NP cells. 10, 13 Furthermore, mitochondrion dysfunction can enhance ROS production in disc cells by forming a positive feedback loop. 14, 15 Therefore, an overproduction of ROS can induce NP cell apoptosis through the mitochondrial apoptosis pathway.
Mitophagy is a special type of autophagy that maintains mitochondrial homoeostasis by eliminating damaged mitochondria and reducing cellular stress caused by aberrant oxidative bursts. 16 Basal levels of mitophagy can maintain cellular homoeostasis and protect cells against dysfunctional mitochondria. During stress, a concomitant activation of mitophagy and apoptosis is triggered, whereby enhanced mitophagy can promote survival by eliminating damaged mitochondria. 17 Mitophagy has been associated with mitochondrion dysfunction and apoptosis in the pathological process of several diseases, including Parkinson's disease, 18 heart disease 19 and liver fibrosis. 20 Given that oxidative stress, mitochondrial dysfunction and apoptosis mediate the pathogenesis of IDD, therefore, induction of mitophagy may protect against the early stages of IDD.
Melatonin (N-acetyl-5-methoxytryptamine) is an endogenous
molecule released from the pineal gland, and has been studied in several diseases due to its following properties: low toxicity; soluble in both aqueous and organic phases; potent free radical scavenger; influence on mitochondrial homoeostasis and functioning. [21] [22] [23] Recently, melatonin has been proven to counteract oxidative stress, inflammatory responses and apoptosis in experimental osteoarthritis models, which have similar pathological processes with IDD. [24] [25] [26] [27] Moreover, accumulating studies have demonstrated that melatonin may enhance mitophagy in several tissues, including the brain 28 and liver, 20 but not yet in NP cells.
Therefore, we hypothesized that melatonin can ameliorate mitochondrial dysfunction and apoptosis induced by oxidative stress via mitophagy induction in NP cells and preventive effects on IDD.
In this study, tert-butyl hydroperoxide (TBHP) was applied to induce oxidative stress, which could mimic the pathological mechanisms of mitochondrial dysfunction and apoptosis in NP cells. The protective effects of melatonin on apoptosis and mitochondrial dysfunction, as well its mechanisms, were investigated in NP cells exhibiting oxidative stress. Finally, the therapeutic potential of melatonin in a puncture-induced rat IDD model was evaluated.
| MATERIAL S AND ME THODS

| Ethics statement
All surgical interventions, treatments and postoperative animal care
procedures were conducted to comply with the Animal Care and Use
Committee of Wenzhou Medical University (wydw2014-0129).
| Reagents and antibodies
Melatonin, TBHP and type II collagenases were acquired from 
| Primary nucleus pulposus cell isolation
Rat NP cells were isolated according to previous reports 29 . Forty male Sprague-Dawley rats (150-200 g) were euthanized with an overdose of 10% chloral hydrate. The lumbar segments of backbone were extracted integrally under sterile conditions and lumbar discs were collected. Gelatinous NP tissues were separated from lumbar discs with a dissecting microscope and digested in 0.25% trypsin and 0.1% type II collagenase for approximately 4 hours at 37°C. After centrifugation at 1000 rpm for 5 minutes, the supernatant was deserted, and the sediment was resuspended in completed DMEM/ F12 (1:1) medium supplemented with 10% foetal bovine serum (FBS) and 1% antibiotics (penicillin/streptomycin). Finally, the resuspension was transferred into a culture flask and cultured in an incubator containing 5% CO 2 at 37°C. Cells from passages 1 to 3 were used for our experiment.
| NP cell treatment
To observe NP cells in a concentration-dependent manner, differ- 
| Cell viability assay
Cell viability assay was performed by using cell counting kit-8 
| Western blot assay
An ice-cold radio-immuneprecipitation assay (RIPA) buffer was used Beclin-1 (1:1000), SOD2 (1:500) and Cleaved-caspase3 (1:000).
After being washed three times with TBST, membranes were incubated with respective secondary antibodies (1:5000) for 1 hour at room temperature. Bands and band densities were detected by using the ChemiDicTM XRS+Imaging System (Bio-Rad Laboratories) and Image Lab 3.0 software (Bio-Rad), respectively. for 1 hour in a 37°C oven. The nuclei were labelled with DAPI, and images were captured by using fluorescence (Olympus Inc, Tokyo, Japan) and Nikon ECLIPSE Ti microscopes (Nikon, Japan).
| Immunofluorescence
| Mitochondrial membrane potential assay (JC-1)
Following the treatment, NP cells were stained with 10 µmol/L of JC-1 according to manufacturer protocols (Beyotime, Shanghai, China). The cells were then rinsed twice with medium and imaged under a fluorescence microscope (Nikon, Japan).
| Intracellular ATP and ROS assay
Intracellular ATP and ROS levels were determined by using the ATP Assay and Reactive Oxygen Species Assay Kits according to manufacturer instructions (Beyotime, Shanghai, China), respectively.
| TUNEL staining
DNA fragmentation was detected by using an in-situ Cell Death Detection Kit (Roche, South San Francisco, CA). After being fixed with 4% paraformaldehyde for 1 hour, cells were incubated with 3% H 2 O 2 and 0.1% Triton X-100 for 10 minutes. Cells were then washed with PBS, and co-stained with TUNEL inspection fluid and DAPI.
Three random microscopic fields per slide were observed under a fluorescence microscope (Olympus Inc, Tokyo, Japan).
| Surgical procedure
A total of 48 male 8-week-old Sprague Dawley rats were utilized during in vivo experimentation. They were randomly separated into three groups (control group, IDD group and Melatonin group) and anaesthetized by intraperitoneal injection of 10% chloral hydrate (3.6 mL/kg). The IDD group and melatonin group underwent the following operation according to published papers. 30 The experimental level rat tail disc (Co7/8) was observed by digital palpation to be located on the coccygeal vertebrae, which was further established by trial radiograph. Needles (27 G, about 4 mm in length) were utilized to puncture the annulus fibrosus though the tail skin, perpendicularly. All needles were rotated 360° and kept in place for 1 minute.
After surgery, the melatonin group was intraperitoneally injected with melatonin (10 mg/kg/day), which was dissolved in absolute ethanol and further diluted in 0.9% NaCl solution, while the IDD group accepted an equal amount of ethanol and saline solution. Daily injections started on the day of operation, and continued until the rats were sacrificed. All animals were given free unrestricted weight bearing and activity, and were monitored every day to ensure their well-being.
| Magnetic resonance imaging method
Magnetic resonance imaging was conducted with a 3.0 T clinical magnet (Philips Intera Achieva 3.0MR) on the rats at 0, 4 and 8 weeks after operation. Sagittal T2-weighted images were taken to evaluate signal and structural differences of the discs. T2-weighted segments in the sagittal plane were acquired in the following set- 
| Histopathologic analysis
After MRI examination, rats were euthanized by intraperitoneal administration of 10% chloral hydrate and caudal vertebras, includ- Control group, **P < 0.01, *P < 0.05, vs TBHP, n = 3 a blinded manner according to the grading scale as explained previously. 17 The histologic score was graded at 5 for normal discs, 6-11
for moderately degenerated discs, and 12-14 for severely degenerated discs.
| Statistical analysis
For in vitro studies, each experiment was performed in triplicate.
The data were expressed as the Mean ± SD. Statistical analyses were conducted by using SPSS statistical software program 18.0.
Differences among the experimental groups were identified by oneway analysis of variance (ANOVA) and Tukey's test. Nonparametric data (Pfirrmann grading) were examined by using the KruskalWallis H-test. A P-value of (P < 0.05) was considered statistically significant.
| RE SULTS
| Melatonin treatment inhibits apoptosis and enhances synthesis of ECM component
Initially, the cytotoxic effects of TBHP on NP cells were evaluated by using the CCK-8 assay. As shown in Figure 1A caused by TBHP treatment.
| Melatonin activates parkin and induces mitophagy
The ratio of microtubule-associated protein 1 light chain 3 II/I (LC3-II/I), P62, Beclin-1, PINK1 and Parkin were regarded as indicators of mitophagy induction, and were detected by western blotting. As shown in Figure 2A , the ratio of LC3-II/LC3-I, as well as the expres- ( Figure 3C ). Therefore, these results suggested that activation of mitophagy induced by melatonin was dependent on Parkin.
| Co-regulation of mitophagy by TBHP AND melatonin treatment
As shown in Figure 4A , TBHP treatment alone increased the protein levels of PINK1, indicating mitochondrial damages in NP cells. 
| Mitophagy induction is necessary for melatonin against ECM degeneration
The Western blot results showed that TBHP treatment markedly 
| Melatonin ameliorates disc degeneration in a rat model of IDD
To evaluate the therapeutic effects of melatonin on degenerative rat discs, magnetic resonance imaging (MRI) and Pfirrmann MRI grade scores were taken at 4 and 8 weeks after puncture.
The melatonin treated group was observed to demonstrate higher T2-weighted signal intensities than the IDD group both at 4 and 8 weeks ( Figure 7A ). Moreover, the Pfirrmann MRI grade scores indicated the extent of disc degeneration, and were markedly lower in the melatonin group compared to the IDD group at 4 and 8 weeks ( Figure 7D ). The therapeutic effects of melatonin were further confirmed by H&E staining and Safrain O staining ( Figure 7B&C ).
The volume of NP tissue in the control discs was large and occu- Mel group were both better than the IDD group that evaluated at week 4 and week 8 ( Figure 7E ). Therefore, these results suggested that melatonin is a potential therapy for IDD. 
| D ISCUSS I ON
This study has demonstrated that melatonin treatment can induce Parkin-mediated mitophagy in NP cells, which cleared damaged mitochondria, reduced the release of ROS and apoptosis factors, and subsequently inhibited cell apoptosis and ECM degeneration induced by oxidative stress. Furthermore, the in vivo study indicated that melatonin may play a protective role in IDD in a puncture-induced rat model.
Numerous in vivo studies have confirmed the presence of excessive ROS production in aged and degenerated intervertebral discs. 33 Mitochondrion is not only a primary attack target of ROS, but also a major site of ROS generation. 34 This vicious cycle can lead to the production of free radicals and mitochondrial dysfunction. Studies have shown that pathogenic factors (for example, mechanical loading, inflammatory cytokines and high glucose) can induce apoptosis by reactive oxygen species-mediated mitochondrial dysfunction.
12,35,36
In this study, the administration of TBHP was demonstrated to cause mitochondrial dysfunction and significantly increase the apoptosis of NP cells.
Basal level of mitophagy is essential for sustaining cellular homoeostasis and defending cells against the accrual of dysfunctional mitochondria. During cellular stress, mitophagy and apoptosis activate, causing enhanced mitophagy as an early response to promote survival by removing damaged mitochondria. 17 However, excessive increases in apoptotic proteases can inhibit the induction of mitophagy, resulting in the accumulation of damaged mitochondria that can lead to cell death. 37 In recent years, accumulating studies have demonstrated that moderate mitophagy induction exhibits beneficial effects against various diseases, including atherosclerosis, 38 acute kidney injury, 39 and traumatic brain injury. 28 However, the exact molecular mechanisms mediating selective autophagy remain unclear. It has been reported that at least two mechanisms are involved in the regulation of mitophagy in mammal cells, including PINK1/Parkin pathway and NIX/BNIP3L pathway. 40 The serine/ threonine kinase PINK1 is essential for relaying the collapse of the mitochondrial membrane potential to Parkin. PINK1 is located at a low level on mitochondria that have an intact mitochondrial membrane potential, and is cleaved by mitochondrial proteases. Particles are then degraded by proteasomes. 41 Upon breakdown of the mitochondrial membrane potential (Δψm), the degradation of PINK1 is blocked, and PINK1 can amass on the outer mitochondrial membrane. 42 The E3 ubiquitin ligase Parkin is predominantly cytosolic under basal conditions, and can be rapidly recruited to mitochondria tion. 48 Both pathways activate executioner caspases-3 and −7, which can lead to cell death. To determine the molecular mechanisms involved in melatonin against cellular apoptosis, the levels of intrinsic pathway related proteins, intracellular ROS, mitochondrial membrane potential (Δψm) and ATP levels were investigated after TBHP administration. Our results demonstrated that Bax, Cytochrome C and Cleaved-caspase3 expression were upregulated by the administration of TBHP, while the levels of Bcl-2 were down-regulated.
Moreover, TBHP treatment increased intracellular ROS production and encouraged mitochondrial dysfunction by the Δψm collapse, and reduced ATP levels, leading to related protein release and cell apoptosis, while melatonin pretreatment attenuated these effects and improved cell apoptosis. Therefore, these data indicated that the protective role of melatonin against NP cell apoptosis was connected to the inhibited intrinsic apoptosis pathway.
ECM consists of aggrecan proteoglycan and type II collagen, and plays an essential role in the physiological function and maintenance of discs. 49 ECM metabolism is associated with the redox state of discs. 4 Several studies have shown that ROS overproduction induced by proinflammatory cytokines or high oxygen tension prominently suppressed ECM synthesis and increased ECM degradation via up-regulation of matrix degradation proteases in human and rat disc cells. was applied in our study. We found that these beneficial effects disappeared when melatonin-induced activation of mitophagy was blocked, suggesting that the protective effects of melatonin were mediated by mitophagy stimulation.
Several interesting chemicals exhibit protective effects on disc cells in vitro, but few can translate to clinical therapy for IDD. These chemicals cannot easily disperse into the discs of living animals given the special structure of IVD as the largest avascular organ in the body. 52 Melatonin is soluble in both aqueous and organic phases, which makes it capable for permeating through the cartilaginous endplate to function on NP cells. To further investigate the therapeutic effects of melatonin in vivo, needle puncture-induced degenerative rat discs were assessed. Our results showed that significantly degenerated intervertebral discs were observed in the IDD group, and discs with insignificant degeneration were observed in the melatonin group, suggesting that melatonin can mitigate disc degeneration in vivo.
There are several limitations associated with our study. Firstly, although we found that melatonin could enhance mitophagy through the Parkin-mediated pathway, the exact mechanisms of how melatonin affects Parkin are still unknown, and require further study. Secondly, the relationship between melatonin-induced mitophagy and inhibition of ECM degradation in NP cells remains unclear.
Thirdly, the best delivery route of melatonin and the optimal dose for 
CO N FLI C T O F I NTE R E S T
The authors confirm that there are no conflicts of interest.
O RCI D
Xiangyang Wang https://orcid.org/0000-0003-3435-2277
Jian Xiao https://orcid.org/0000-0001-7374-6506
R E FE R E N C E S
